Axin proteins are key negative regulators of the canonical Wnt signal transduction pathway. Although Axin2 null mice are viable, we identified an unusual ENU-induced recessive allele of Axin2, canp, that causes midgestation lethality in homozygotes. We show that the Axin2 canp mutation is a V26D substitution in an invariant N-terminal sequence motif and that the Axin2 canp protein is more stable than wild type. As predicted for an increased level of a negative regulator, the Axin2 canp mutation leads to decreased Wnt signaling in most tissues, and this can account for most of the morphological phenotypes of Axin2 canp mutants. In contrast, there is a paradoxical increase in canonical Wnt activity in the late primitive streak of all Axin2 canp mutant embryos that is associated with the formation of an ectopic tail in some mutants. Treatment of wild-type embryos with an inhibitor of Tankyrase that stabilizes Axin proteins also causes inhibition of Wnt signaling in anterior regions of the embryo and a gain of Wnt signaling in the primitive streak. The results indicate that although increased stability of Axin2 leads to a loss of canonical Wnt signaling in most tissues, stabilized Axin2 enhances Wnt pathway activity in a specific progenitor population in the late primitive streak.
anonical Wnt signaling is required for the development of nearly every stage and organ system in mammals, whereas inappropriate activation of the pathway contributes to colorectal cancer and a variety of other tumors (1) . In the absence of Wnt ligand, cytoplasmic β-catenin is degraded; degradation depends on a destruction complex that includes Axin, APC, CK1, and GSK3β. When Wnt proteins bind the Frizzled and LRP5/6 coreceptors, Axin is removed from the destruction complex, and stable β-catenin moves to the nucleus where, in combination with LEF/TCF DNA binding proteins, it activates target gene expression.
Axin is a crucial component of the cytoplasmic complex that targets β-catenin for degradation in the absence of ligand. Loss of function of mouse Axin1 causes early embryonic lethality associated with a variety of malformations, including duplication of the anterior-posterior body axis, as the result of excess activity of the canonical Wnt pathway (2, 3) . In both Drosophila and mammalian cells, Axin is degraded in response to ligand, and overexpression of Axin blocks signaling (4-6), supporting the view that the concentration of Axin can define the level of Wnt signaling. Two groups recently identified small molecule inhibitors of Wnt signaling that act by stabilizing Axin proteins (7, 8) . These molecules inhibit the activity of tankyrase, a poly-ADP ribosylating enzyme that binds to an N-terminal domain of Axin and promotes its turnover (8) . These inhibitors reduce Wnt signaling in cancer cell lines, and it has been suggested that they provide a new option for therapy of Wnt-based tumors (9) .
Although most attention has focused on Axin proteins in the β-catenin destruction complex, Axin also binds to the Lrp5/6 Wnt receptors, where Axin appears to have a positive role in activation of the receptor complex (10) (11) (12) (13) . However, the significance of this positive role for Axin in the Wnt signaling pathway has not been defined in vivo.
In vertebrates, a second Axin gene also regulates Wnt signaling (14) . In contrast to the ubiquitous expression of Axin1, Axin2 is induced by canonical Wnt signaling and its expression pattern marks the cells exposed to Wnt signals (15, 16) . Because Axin2 is a direct transcriptional target of Wnt signaling, it could act in a negative feedback loop to limit Wnt signaling. Axin2 null mutants are viable and have no defects in embryonic patterning; the defects in Axin2 null mice in skull formation (17) and tooth development (18) appear to be due to tissue-specific increases in canonical Wnt signaling. Despite their differences in expression, Axin1 and Axin2 both inhibit the stabilization and nuclear translocation of β-catenin when overexpressed in cells (14) , and Axin2 can fully replace the function of Axin1 during mouse embryogenesis when knocked into the Axin1 locus (19) .
We identified an unusual recessive allele of mouse Axin2, canopus (canp), which leads to midgestation lethality associated with defects in morphogenesis of the heart, tail, and primitive streak. The canp mutation is a missense substitution in the evolutionarily conserved N-terminal motif that was implicated in the binding of tankyrase and the control of Axin stability (8) . We find that embryonic Axin2 canp protein is more stable than the wildtype protein, demonstrating the in vivo significance of this domain for Axin2 stability. As predicted for an increase in the level of a negative regulator of the pathway, Axin2 canp mutant embryos show decreased canonical Wnt signaling in most tissues. However, we show that the canp allele leads to enhanced Wnt signaling in the late primitive streak. Stabilization of Axin proteins by treatment with a small molecule inhibitor of Tankyrase also enhances canonical Wnt signaling in the primitive streak. The findings demonstrate that, in addition to its role as a negative regulator of the pathway, Axin2 also plays a positive role in canonical Wnt signaling pathway in vivo in a progenitor population in the primitive streak of the mouse embryo.
Results
Allele of Axin2 Disrupts Embryonic Morphogenesis. The canopus (canp) mutation was identified in a genomewide N-ethyl Nnitrosourea (ENU)-mutagenesis screen for mouse developmental mutants (20) , on the basis of the abnormal morphology of mutant homozygotes. Most homozygous canp embryos (75-80%) arrested at midgestation with abnormal hearts and slightly shortened tails ( Fig. 1 A and B) . The remaining 20-25% of homozygotes showed a stronger phenotype that we call the double tail phenotype, in which the entire spinal neural tube failed to close and a short tail-like structure protruded from the dorsal side of the neural plate (Fig. 1C, arrow) .
We mapped the canp mutation by meiotic recombination to a 3-Mb region on chromosome 11 that contained 24 annotated transcripts (Materials and Methods). We sequenced the coding region of all genes in the interval except those in which null mutants were viable, but did not identify any sequence changes. We therefore considered the possibility that canp might be an unusual allele of a gene in the interval not required for viability. One of the genes in the interval was Axin2, which encodes a negative regulator of canonical Wnt signaling but is not essential for embryonic development (17) . Because of the important roles of Wnt signaling in development of the heart, tail, and body axis, we sequenced the coding region of Axin2 from canp embryos and identified a T-to-C change that would cause a V26D substitution in an evolutionarily conserved sequence near the N terminus of Axin2 (Fig. 1D) . The mutation created a BamH1 restriction fragment-length polymorphism that we used to confirm the linkage of the mutation to the canp phenotypes (Materials and Methods). Because mice lacking Axin2 survive to adulthood (17) and the canp homozygotes died as embryos, the results suggested that canp was an unusual allele of Axin2.
canp Is a Recessive Hypermorphic Mutation That Stabilizes Axin2
Protein. To test how the V26D mutation affected Axin2 function, we prepared embryonic extracts from wild type, heterozygous, and homozygous canp embryos at embryonic day (e) e9.0, and analyzed Axin2 protein levels. Western blot analysis showed that homozygous canp embryos had 2.2 times as much Axin2 protein as wild-type embryos ( Fig. 1E and Fig. S1A ); canp/+ heterozygous embryos also showed an increase in the amount of Axin2 to 1.6 times the level in wild type. Both in situ hybridization and quantitative real-time PCR (qPCR) showed that the level of Axin2 mRNA was not elevated in the mutants (Fig. S2) , suggesting that the increase in Axin2 protein in the embryo could be caused by increased protein stability.
To test whether the canp mutation altered protein stability, we examined the rate of turnover of the mutant and wild-type forms of Axin2 in mouse embryonic fibroblasts (MEFs) derived from wildtype and mutant e10.0 embryos. We found that there was twofold more Axin2 protein present in homozygous canp mutant MEFs than in wild-type MEFs (Fig. S1B) . The MEFs were treated with cycloheximide to block protein synthesis and the level of Axin2 was determined by Western blotting at subsequent time points. The half-life of wild-type Axin2 was ∼1.4 h in the wild-type MEFs, whereas the half-life of Axin2 canp increased to 4.6 h in homozygous canp mutant MEFs ( Fig. 1F and Fig. S1C ), demonstrating that canp encodes a more stable form of Axin2. Axin2 canp / Axin null mice (n = 15) were viable and fertile and did not exhibit the abnormal skull development seen in null homozygotes, which indicates that canp is a hypermorphic allele of Axin2.
Increased Stability of Axin2 Lowers the Level of Canonical Wnt Signaling in Axin2
canp Embryos. To test whether the increased stability of Axin2 in Axin2 canp mutants affected Wnt signaling in the embryo, we generated Axin2 canp homozygotes that carried one copy of TOPGAL, a transgenic reporter of canonical Wnt activity, to assess pathway activity (21) . TOPGAL activity was reduced in most tissues of e9.0 Axin2 canp embryos, including the brain, branchial arches, somites, migrating neural crest cells, and dorsal neural tube (Fig. 2 A-D) , consistent with the increased levels of the negative regulator Axin2.
Most of the Axin2 canp phenotypes were consistent with a partial loss of Wnt signaling. All e9.5 Axin2 canp embryos had a somewhat shorter tail than wild type (Figs. 1B and 2B), a phenotype that is also seen in embryos homozygous for vestigial tail, a partial lossof-function allele of Wnt3a (22), which is expressed in the tail bud and is required for tail development. All Axin2 canp embryos showed some degree of cardia bifida (Fig. S3) , which was likely to be the cause of their midgestation lethality. Genetic removal of β-catenin in migrating precardiac mesoderm using the MesP1-Cre caused defects in heart looping (23) that appear to include the failure of the two lateral heart fields to fuse correctly, which suggests that the cardia bifida phenotype of Axin2 canp embryos may be due to a requirement for high levels of canonical Wnt signaling in cardiac progenitors.
Canonical Wnt signaling is required at gastrulation to initiate and maintain the primitive streak (24, 25) . All e7.25 Axin2 canp embryos showed decreased Wnt signaling in the primitive streak, as assayed by the activity of the TOPGAL reporter ( Fig. 2 E and F) . Expression of Tbx6, a marker of nascent mesoderm, was reduced in all Axin2 canp embryos and was not detectable at e7.5 in the most strongly affected mutants (Fig. S4D) . Most Axin2 canp mutants showed no obvious defects in gastrulation. However, about one- (Fig. S1 ) from three e9.0 litters showed that the level of Axin2 was increased 1.6-fold in heterozygous and 2.2-fold in homozygous Axin2 canp embryos relative to wild type. The amount of Axin2 protein in both homozygous and heterozygous embryos was significantly higher than in wild type (P < 0.001). (F) Turnover of Axin2 protein in MEFs. Wildtype and Axin2 canp homozygous MEFs were cultured with 20 μg/mL cycloheximide (CHX) for the indicated number of hours and analyzed by Western blot (Fig. S1 ). The Axin2 canp mutation increased the half-life of Axin2 from 1.4 h to 4.6 h.
quarter of the mutants had an abnormal primitive streak at e7.5 (23/ 101; 22.7%) (Fig. S4 E-H) and showed reduced expression of Brachyury (T), a marker of the primitive streak and a direct target of Wnt3a signaling (Fig.S4C) (26) . Both the morphology and marker gene expression in the strong e7. Other mouse mutants with an early loss of Wnt signaling or defects in early mesoderm specification arrest at ∼e8.0 and lack mesoderm-derived structures (27) . In contrast, we did not observe either early lethality or a gross deficit in mesoderm-derived structures, such as somites, in e9.5 Axin2 canp mutants (Fig. 1B) . The striking recovery of the early deficit in mesoderm in Axin2 canp embryos between e7.5 and e9.5 and the positive role of Wnt signaling in mesoderm specification prompted us to examine canonical Wnt signaling in Axin2 canp mutants during this time window. In contrast to the loss of activity of the canonical Wnt pathway seen in e7.25 Axin2 canp embryos (Fig. 2 E and F) , a low level of TOPGAL activity was detected in the primitive streak of e7.5 Axin2 canp embryos (Fig. 3D) . By e8.5, there were striking regionspecific differences in canonical Wnt activity in Axin2 canp embryos: TOPGAL activity was reduced in the head and all other tissues rostral to the presomitic mesoderm (PSM), whereas TOPGAL expression was elevated in the caudal region of all Axin2 canp embryos ( Fig. 3 and Fig. S5 ). TOPGAL expression was also significantly increased in the caudal region of Axin2 canp /+ embryos (Fig. S5) . Cross-sections through the e9.0 TOPGALstained Axin2 canp mutants showed ectopic TOPGAL + cells in the primitive streak and the presomitic mesoderm (Fig. 3F) , although TOPGAL activity was reduced in the posterior notochord ( Fig. 3 C and F) , showing that Wnt activity was increased in a cell type-specific, rather than a regional, manner.
To quantitate the changes of TOPGAL activity in the mutant canp embryos, e9.0 standard Axin2 canp (not double tail) embryos were cut into anterior and posterior halves at the level of the rostral limit of the PSM. Analysis of β-galactosidase enzyme activity in the embryonic extracts showed that the anterior half of Axin2 canp embryos had 49% the level of β-galactosidase activity found in wild-type littermates (P < 0.001) (Fig. 3G) . The activity of TOPGAL was not significantly different in the posterior wildtype and mutant extracts (Fig. 3H) , suggesting that the gain of TOPGAL activity in the PSM and primitive streak of Axin2 canp mutants was balanced by a loss of TOPGAL activity in the node and caudal notochord. Thus, the Axin2 canp mutation had opposite effects on TOPGAL activity in the primitive streak and PSM at different stages of development: a loss of TOPGAL activity at e7.25 and a gain of TOPGAL activity at e8.5.
Tankyrase Inhibitors Elevate Wnt Signaling in the Primitive Streak.
The Axin2 canp mutation is likely to stabilize Axin2 by disrupting the domain that binds Tankyrase. We therefore tested how Tankyrase inhibitors affected canonical Wnt activity in wild-type embryos carrying the TOPGAL reporter. In initial experiments, both IWR-1 and XAV939 inhibited TOPGAL activity, but IWR-1 gave stronger and more consistent results, as seen previously in explanted mouse kidneys (28); we therefore used IWR-1 in our experiments.
Wild-type e7.5 embryos cultured for 18 h in the presence of 100 μM IWR-1 showed reduced TOPGAL activity in the primitive streak compared with control embryos (Fig. 4 A and B) , similar to the reduction in TOPGAL at this stage in Axin2 canp mutants (Fig. 2 E and F and Fig. 3 A and D) . When e8.0 wild-type embryos (late headfold-early somite stage) were cultured either in the presence or absence of IWR-1, they developed 6-10 somites and had beating hearts after 18 h in culture. As expected, the level of Axin1 protein was elevated in both the anterior and posterior of embryos cultured in the presence of 100 μM IWR-1 (Fig. 4 F and G) . TOPGAL expression was diminished in the head and somite region in embryos cultured in the presence of IWR-1 compared with controls ( Fig. 4 C and D) , as expected due to the increased level of Axin. In contrast to the inhibition of Wnt signaling in the anterior of the embryo, TOPGAL expression appeared to be elevated in the primitive streak of early somite stage embryos cultured in the presence of IWR-1 (Fig. 4 C and D) , similar to the phenotype of the Axin2 canp embryos at this stage (Fig. 3E) . To quantitate the TOPGAL activity, embryos were cut into anterior and posterior halves at the anterior border of the PSM after culture and β-galactosidase activity in each lysate was assayed. β-galactosidase activity in the anterior half of IWR-1-treated embryos was about 50% of that in controls, as in Axin2 canp embryos (Fig. 3G) . In contrast, the TOPGAL activity in the posterior half of IWR-1-treated embryos was 2.5-fold greater than in either the anterior or posterior of control embryos (P < 0.01) and 4.0-fold greater than in the anterior half of drug-treated embryos (P < 0.01) (Fig. 4E) . Thus, inhibition of Tankyrase, like the Axin2 canp mutation, decreased canonical Wnt activity in the head, but increased Wnt activity in the primitive streak of early somite-stage embryos.
It has been proposed that, in addition to its negative role in Wnt signaling, Axin may play a positive role in canonical Wnt signaling by recruitment of an Axin-GSK3 complex to the activated LRP5/6 receptor (10-13); in this model, phosphorylation of LRP5/6 is important for downstream signaling. We therefore assayed the level of phospho-LRP6 and found that phospho-LRP6 was elevated in the posterior, but not the anterior of IWR-1-treated embryos (Fig. 4 F and G) .
Elevated Wnt Signaling Produces an Ectopic Primitive Streak in a Fraction of Axin2
canp Embryos. Although the morphology of the streak and mesoderm was normal in most Axin2 canp embryos, ∼15% of the mutants developed an ectopic tail-like structure (Fig. 1C and Fig. S6 ). Because Wnt signaling is required for formation of the primitive streak and tail (24, 25) and excess Wnt activity can cause the formation of ectopic body axes (3, 29) , we investigated the nature of the tail-like structure. Cross-sections through double tail embryos showed that the protrusion was composed of mesenchymal cells that protruded dorsally from the midline of the neural plate (Fig. S6J) . The protrusions expressed T, which marks the primitive streak and notochord, Meox1, a marker of presomitic mesoderm, and a high level of TOPGAL ( Fig. 3 I-L and Fig. S5 ). We therefore conclude that these ectopic protrusions are second tails induced by elevated Wnt activity in an expanded population of tail progenitors in the primitive streak.
Discussion
An N-Terminal Domain Controls the Stability of Axin2 in Vivo. The Axin2 canp mutation is recessive, but it increases the activity of Axin2 protein by increasing its stability. Recessive gain-of-function mutations are unusual and must represent cases where the elevation of activity associated with a single copy of the mutant allele is compatible with normal development, but double the dosage of the mutant allele is not. The Axin2 canp mutation is an excellent example of this type of mutation, as one copy of the mutant allele increases the steady-state level of Axin2 1.6-fold, which is compatible with survival of all heterozygotes, whereas two copies of the Axin2 canp allele doubles the steady-state level of the Axin2, which decreases Wnt signaling to an extent that causes completely penetrant midgestation lethality.
The Axin2 canp mutation causes a nonconservative valine-toglutamate substitution that disrupts an N-terminal PRPPVPGEE motif, which is perfectly conserved in all Axin family members, from Drosophila to humans. Our results support the importance of the N-terminal region identified by Huang et al. (8) as a critical regulator of Axin2 stability. Huang et al. named this motif the tankyrase-binding domain (TBD), as they showed that this domain can bind Tankyrase, an enzyme with poly-ADP ribosylation activity, and they presented data that modification of Axin by tankyrase can direct ubiquitin-mediated, proteosomedependent degradation of Axin1 and Axin2. The analysis of the effects of the Axin2 canp mutation confirms that this protein domain regulates Axin2 stability in vivo and that disruption of this domain decreases Wnt signaling in most embryonic tissues.
Our data suggest that the PRPPVPGEE motif has functions in addition to binding tankyrase. There are two tankyrase genes in mammalian genomes, and it was noted previously that the phenotype of mouse tankyrase1,2 double mutants (30) does not suggest an obvious effect on Wnt signaling (8) . In contrast, Axin2 canp embryos arrest at least one day earlier than tankyrase1,2 double mutant embryos and show clear Wnt-related phenotypes not described in the tankyrase double mutant embryos. In addition, the canp V26D mutation stabilizes the endogenous Axin2 protein to a greater extent than blocking tankyrase activity with the small molecule XAV939 (compare Fig. S1C to Huang et al. ref. 8) . Thus, it is likely that the PRPPVPGEE motif controls the stability of Axin2 through interactions with proteins in addition to tankyrase. canp homozygotes show elevated activity of the TOPGAL canonical Wnt reporter in the e8.5 primitive streak. Whereas mutants in other genes associated with decreased canonical Wnt signaling in the primitive streak arrest by e9.0 with reduced or absent mesodermal cell types, all Axin2 canp embryos differentiate a nearly normal number of somites at e9.5, which provides independent evidence that Wnt signaling is restored in the late Axin2 canp streak. Wnt signaling in the late primitive streak does not simply return to the normal level in the Axin2 canp embryos; it surpasses the level of signaling in the wild-type streak. Inhibition of Axin2 turnover by the tankyrase inhibitor IWR-1 has a similar tissuespecific effect: canonical Wnt signaling is decreased in anterior regions of the embryo and elevated in the primitive streak. The increased TOPGAL activity in the posterior of IWR-1-treated embryos is greater than that in Axin2 canp embryos, which suggests that both Axin1 and Axin2 can activate Wnt signaling in the streak. Thus, two independent approaches demonstrate that stabilized Axin proteins promote, rather than inhibit, canonical Wnt signaling in the primitive streak.
Our results provide in vivo support for studies that suggested that Axin can play a positive role in canonical Wnt signaling through its interaction with activated LRP5/6 (10) (11) (12) (13) . In these models, binding of Wnt ligand leads to recruitment of an Axin-GSK3 complex to LRP5/6 and phosphorylation of LRP5/6 by GSK3, and phosphorylated LRP5/6 can recruit additional Axin in a positive feedback loop that amplifies receptor phosphorylation (13) . Our findings show that stabilization of Axin is accompanied by an elevated level of phosphorylated LRP6 specifically in the posterior of the e8.5 embryo and suggest that the increased phospho-LRP6 activates Wnt signaling in the late primitive streak.
The time of transition between decreased (e7.5) and increased activity (e8.5) of the canonical Wnt pathway in Axin2 canp mutants represents a developmental transition at the primitive streak. Before e7.5, Wnt3 is expressed in the streak and is required for the formation of the streak, which gives rise to a variety of cell types, including the definitive endoderm and all types of mesoderm (extraembryonic, axial, paraxial, and lateral plate) (9) . At e7.5, Wnt3 expression shuts off and Wnt3a expression turns on in the streak, where it is required to maintain progenitors that give rise primarily to paraxial mesoderm (25, 31) . Wnt5a and its re- Analysis of Western blot data from six independent experiments in which four to eight embryos were cultured per condition in each experiment. Protein levels were normalized to α-tubulin, and values were normalized to protein levels in DMSO-treated heads. Axin1 levels were increased 1.90-fold in IWR-1-treated heads (P < 0.05) and 2.33-fold in treated tails (P < 0.05). The change in pLRP6 levels in treated heads was variable and not significant, whereas the 3.26-fold increase in IWR-1-treated tails was significant (P < 0.01).
ceptor Ror2 are also expressed in the streak at this stage (32, 33) and may modulate the canonical pathway (34, 35) . We propose that the increased Wnt signaling activity in the late streak of Axin2 canp embryos reflects a positive action of an Axin2-Lrp5/6 complex in the response of progenitor cells in the late streak to Wnt signals. We suggest that the balance of regulators in the primitive streak is such that increased amount of Axin protein has a greater impact on the positive roles of Axin than on the β-catenin destruction complex.
Cells in primitive streak are thought to act as a stem/progenitor pool (36, 31) , and our data suggest that stabilization of Axin2 activates signaling in this progenitor population. It has been proposed that tankyrase inhibitors, which stabilize the Axin proteins, may be useful for therapy of Wnt-dependent tumors, but our findings suggest it will be important to test whether stabilization of Axin proteins can activate Wnt signaling in other stem and progenitor populations, as well as in in vivo tumor models.
Materials and Methods
Mouse Strains. The canp mutation mapped between D11Mit333 and D11Mit301. PCR amplification from genomic DNA (F: 5′ GTTTGGTGGACTG-GACCTTG 3′; R: 5′ AGACGCTCTCCCTCACCAT 3′) generated a fragment containing an RFLP cleaved by BamH1 digestion in the mutant but not wild-type sequence. The phenotype was analyzed in the C3H congenic background. Axin2 tm1Wbm (lacZ knock-in), was obtained from Dr. Frank Costantini (Columbia University, New York) (17) . TOPGAL transgenic mice were from Dr. Elaine Fuchs (Rockefeller University, New York) (21) .
Phenotypic Analysis and Embryo Culture. In situ hybridization was carried out as described (37) . Embryos were cultured in 50% rat serum/50% DMEM/F12 at 37°C with 5% CO 2 in static culture. A stock of IWR-1 in DMSO was diluted in culture medium to 100 μM (0.5% DMSO); control embryos were cultured in 0.5% DMSO. A stock of XAV939 in DMSO was diluted in culture medium to 200 μM (0.1% DMSO); control embryos were cultured in 0.1% DMSO. IWR-1 and XAV939 were from Sigma.
Wnt Reporter Assays. TOPGAL males carrying two copies of the TOPGAL transgene and one copy of canp mutant allele were crossed to canp heterozygous females TOPGAL activity in embryos was detected as described (38) . In each experiment, 4-21 embryos of each genotype were stained for TOPGAL; results were consistent between embryos of the same genotype at the same stage. β-Galactosidase activity in embryo extracts was measured using the β−galactosidase Enzyme Assay system (Promega); 8-10 embryos of each genotype were analyzed. Activity was normalized to total protein concentration, determined by the Pierce BCA Protein Assay kit. The NewmanKeuls multiple comparison test was used to compare the significance of differences in β-galactosidase activity.
Western Blot Analysis. Protein lysates were prepared using RIPA buffer. The anti-Axin2 antibody was a gift from Dr. Frank Costantini (15) ; the pLRP6, LRP6, and Axin1 antibodies were from Cell Signaling; the γ-tubulin and α-tubulin antibodies were from Sigma. To calculate the Axin2 half-life, the level of Axin2 was quantified by Western blotting and normalized to that at time 0. The Axin2 levels were fit to the first-order decay and the half-life was calculated with PRISM (39) . For Western blot analysis of IWR-1-treated embryos, 10 litters of e8.0 embryos in eight independent cultures were divided equally between DMSO and IWR-1 conditions. Gels were run with extracts from one to three litters. Protein levels were quantified with ImageJ and were calculated as percentage of the amount in embryos in the same culture (averages ± SD) and analyzed by one-way ANOVA followed by Newman-Keuls posttest.
